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SUMMARY 

Effects  of  heat  on  fatigne  have  been  studied  by  fatigue  tests  at  ambient 
temperature  on  specimens  first  subjected  to  a single  period  of  heating  with  and 
without  steady  load  applied.  The  tests  employed  constant  amplitude  loading  on 
various  structural  elements  in  DTD  5014  (RR58)  aluminium  alloy  material.  Heating 
was  applied  at  temperatures  in  the  range  lOO'^C  to  170®C  for  tiroes  ranging  from 
Ih  to  20000h. 

The  initiation  of  fatigue  cracks  was  significantly  affected  by  heating, 
particularly  at  temperatures  of  1I0°C  and  higher  when  the  effects  occurred 
comparatively  rapidly.  The  two  mechanisms  of  importance  were  changes  in  micro- 
structure at  the  machined  surface  which  encouraged  initiation,  and  changes  in 
residual  stress  by  creep  which  encouraged  or  discouraged  initiation  according 
to  the  creep  being  compressive  or  tensile. 
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INTRODUCTION 


The  work  reported  is  part  of  a progranme  of  basic  research  into  the 

influence  of  heat  on  fatigue  in  aircraft  structure,  some  parts  of  which  have 

12  3 

already  been  published  ’ ’ . It  is  concerned  with  the  effect  of  applying  a 

single  period  of  heat  prior  to  fatigue  tests  at  ambient  temperature  on  notched 

and  lug  specimens  of  DTD  5014  (RR58)  aluminium  alloy.  The  general  pattern  of 

fatigue  behaviour  at  room  temperature  against  which  the  effects  of  heat  are 

4 

assessed  was  established  in  an  earlier  report  . 

It  is  shown  that  there  are  two  mechanisms  by  which  application  of  heat  can 
significantly  modify  fatigue  crack  initiation  - microstructural  changes  in 
machined  surfaces  and  creep  redistvribution  of  stress  concentration. 

2 MATERIAL  AND  SPECIMENS 

The  specimens  were  manufactured  from  DTD  5014  material  produced  commer- 
cially from  one  melt  and  nominally  fully  hardened  by  precipitation  for  1 7h  at 
200°C.  Table  1(a)  and  (b)  gives  the  chemical  composition  and  static  tensile 
properties  respectively.  The  effect  on  tensile  strength  of  further  heating  at 
200°C  (the  precipitation  heat  treatment  temperature)  and  150°C  (the  temperature 
most  commonly  used  in  the  investigation)  is  seen  in  Figs . 1 and  2.  At  both  tem- 
peratures there  is  a progressive  rise  and  fall  in  strength  with  time  at  temper- 
ature suggesting  the  as-received  material  was  in  a slightly  underaged  state. 

The  material  was  produced  in  12ft  (3.7m)  lengths  of  extruded  bar  of 
rectangular  section  from  which  nineteen  fatigue  specimens  could  be  extracted. 

Each  specimen  was  identified  by  a five  digit  number,  the  first  three  digits  being 
the  bar  identification  number  and  the  last  two  defining  the  position  of  the 
specimen  in  the  bar  relative  to  the  leading  end  of  the  bar  during  extrusion. 

Three  types  of  fatigue  specimen  were  used:  two  forms  of  notched  specimen,  and 
a lug. 

The  two  types  of  notched  specimen  are  shown  in  Fig. 3a  and  b and  have 
theoretical  stress  concentrations  of  2.3  and  3.4  times  the  average  stress 

on  the  net  section;  for  brevity  they  will  be  referred  to  as  the  2.3  notch  and 
the  3.4  notch.  These  specimens  were  loaded  axially  through  lug  ends  by  round 
pins  on  which  flats  were  machined  with  the  object  of  preventing  premature  failure 
by  improving  the  fatigue  performance  of  the  lug.  No  lug  failures  occurred. 

The  lug  specimen  in  Fig. 4 has  two  identical  test  sections.  It  was  loaded 
axially  by  round  pins  of  clearance  fit  and  has  a theoretical  stress  concentration 


..  
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of  approximately  3.1.  Sideplates  were  fitted  so  that  the  specimen  could  be 
removed  from  a creep  machine  to  the  fatigue  machine  with  minimum  disturbance  to 
the  seating  of  the  pin  in  the  lug.  The  pins  were  interconnected  by  two  spring 
steel  strips  which  were  slightly  longer  than  the  pin  centre  distance  and  were 
bowed  elastically  on  assembly  to  apply  a tensile  load  of  about  40  lb  to  the 
specimen.  By  this  arrangement,  when  the  specimen  was  not  in  a loading  machine, 
the  springs  prevented  rotation  of  the  pins  and  held  them  in  contact  with  the 
lugs  in  the  normal  loaded  position.  The  sideplates  were  separated  from  the 
faces  of  the  lug  by  FIFE  washers.  Steel  shim  washers  were  used  to  take  up  any 
clearance  which  would  allow  movement  of  the  pin  in  a direction  parallel  to  the 
bore.  In  fatigue  testing  the  outer  ends  of  the  sideplates  were  pin  jointed  to 
end  fittings. 

All  specimen  components  were  thoroughly  degreased  with  an  organic  solvent 
before  assembly  and  all  test  sections  were  dry  during  testing. 

3 EXPERIMENTAL  PROCEDURE 

The  general  principle  of  investigation  was  to  establish  a datum  fatigue 

performance  by  means  of  continuous  fatigue  tests  to  failure  at  ambient  temper- 

, 4 

ature  as  described  in  a previous  report  , and  then  to  carry  out  comparative 
testa  on  specimens  which  had  been  first  subjected  to  a period  of  heating  whilst 
under  steady  tensile,  zero  or  compressive  load.  The  data  on  endurance  were 
supplemented  by  f ractographic  and  metallurgical  observations  on  changes  in  the 
surface  condition  of  the  material  and  in  the  mode  of  crack  initiation. 

All  fatigue  testing  was  at  ambient  temperature  in  fluctuating  tension 
(0  < R < I ) of  constant  anplitude  applied  at  33Hz.  Mean  stress  was  kept  constant 
for  each  particular  type  of  specimen  and  was  selected  to  give  endurances  in  the 
range  10^  to  10^  cycles.  All  stresses  quoted  are  based  on  the  net  cross- 
sectional  area,  i.e.  the  region  of  fatigue  failure. 

The  specimens  for  the  programme  were  extracted  from  63  bars  of  material 
and,  to  minimise  uncertainties  in  the  results  arising  from  variation  in  material 
properties  between  bars  and  along  the  length  of  each  bar,  specimens  were 
selected  for  test  in  the  following  way.  From  any  bar  five  specimens  were 
selected  at  about  equal  spacing  along  the  length  for  fatigue  testing  without 
heating.  The  logarithm  of  endurance  was  plotted  against  position  in  the  bar 
and  the  variation  of  endurance  along  the  bar  was  assumed  to  be  given  by  a 
straight  line,  fitted  by  the  method  of  least  squares  - a typical  example  is 
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shown  in  Fig. 5.  This  straight  line  defines  the  nominal  endurance  for  specimens 

at  each  position  in  the  bar.  Specimens  were  then  selected  from  those  remaining 

for  tests  with  heating;  those  tested  at  the  same  heating  condition  were  widely 

spaced  along  the  bar.  Specimens  were  heated,  with  or  without  applied  load,  at 

o o . 

temperatures  in  the  range  100  C to  170  C for  times  from  Ih  to  20000h.  Heating 
was  either  in  a forced  convection  oven  or,  when  steady  load  was  applied,  in  a 
creep  machine.  When  compressive  load  was  required  specimens  were  encased  in 
special  end  fittings  (see  Fig. 6)  designed  such  that  a tensile  load  on  the  fitting 
produced  a compressive  load  on  the  specimen.  In  all  cases  cen^>eratures  were 
maintained  to  within  ±1Z.  After  heating  specimens  were  left  unloaded  for  at 
least  one  week  to  ensure  that  specimens  did  not  differ  appreciably  in  the  amount 
of  creep  recovery  which  occurred  at  room  temperature.  The  specimens  were  then 
fatigue  tested  to  failure  at  room  temperature. 

The  fracture  surfaces  of  the  failed  specimens  were  examined  for  two 
features  ~ the  number  of  discrete  positions  on  the  suiface  from  which  fatigue 
cracks  emanated  (damage  nuclei)  and  the  areas  of  the  fatigue  crack  surfaces  as 
illustrated  in  Fig. 7.  Observations  were  also  made^  of  the  surface  condition  of 
the  material  by  examining  the  microstructure  and  micro-hardness  of  the  surface 
layers  in  the  bore  of  holes  before  and  after  heating. 

Finally,  for  lug  specimens,  the  end  which  did  not  fail  in  the  fatigue  test 
was  broken  statically  for  examination  of  the  fatigue  crack  surface  and  for  deter- 
mination of  residual  static  strength.  The  results  of  this  work  are  reported 
elsewhere^  and  it  suffices  to  say  that  heating  did  not  significantly  affect  the 
relationship  between  residual  static  strength  and  crack  area. 

l*  DISCUSSION 

4. 1 Effect  of  temperature  and  duration  of  heating  period 

To  investigate  the  influence  of  the  temperature  and  duration  of  a heating 
period  applied  prior  to  the  fatigue  test,  2.3  and  3.4  notch  specimens  were 
fatigue  tested  both  unheated  and  after  heating  at  various  temperatures  in  the 
range  100°C  to  170°C  for  times  between  Ih  and  20000H  with  no  load  applied  to  the 
specimen.  The  results  of  the  fatigue  tests  in  terms  of  endurance,  number  of 
damage  nuclei  and  fatigue  crack  areas  are  given  in  Tables  2 to  5 - Tables  2 and  3 
give  results  for  the  2.3  notch  without  heat  and  with  heat  respectively  and 
Tables  4 and  5 give  corresponding  results  for  the  3.4  notch.  These  results  are 
shown  graphically  in  Fig. 8 for  the  2.3  notch  and  in  Fig. 9 for  the  3.4  notch  by 
plotting  endurance  against  the  temperature  of  the  heating  period  and  showing  the 
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duration  of  heating  in  parenthesis.  In  these  figures  the  ordinate  is  endurance 
expressed  as  a percentage  of  the  nominal  endurance  in  the  tests  without  heat, 
as  defined  in  section  3.  For  each  notch  it  is  seen  that  in  relation  to  the 
results  without  heat  which  are  plotted  at  20°C,  heating  at  I10°C  and  higher 
reduced  the  mean  endurance  by  a constant  amount;  there  is  no  correlation 
between  endurance  and  duration  of  heating  within  the  scatter  bands.  The  lack 
of  sensitivity  of  endurance  to  the  values  of  exposure  time  and  temperature 
above  1I0°C  suggests  that  the  reduction  in  endurance  after  heating  represents 
a limiting  effect  which  is  established  by  quite  short  exposure  times,  although 
doubtless  the  magnitude  of  the  reduction  is  particular  to  the  type  of  specimen 
and  the  fatigue  loading  employed. 

Previous  work^  showed  that  when  heating  was  applied  at  different  stages 
of  a fatigue  test,  the  greatest  reduction  in  endurance  was  obtained  when  heat 
was  appliea  prior  to  the  fatigue  test.  The  inference  was  that  heat  affected 
the  initiation  of  fatigue  cracks,  and  this  is  supported  by  the  trend  observed 
in  Figs. 10  and  11  for  the  number  of  damage  nuclei  to  be  increased  markedly  by 
an  application  of  heat.  To  pursue  the  apparent  connection  between  the  reduction 
in  endurance  and  the  changes  in  the  pattern  of  crack  initiation,  metallurgical 
and  fractographic  studies^  were  conducted  in  the  region  of  the  specimen  surface. 
It  was  found  that  the  manufacturing  process  of  drilling  and  reaming  the  hole 
left  a work  affected  zone  to  a depth  of  about  40ym  in  which  the  hardness  was 
significantly  higher  than  chat  of  the  interior  of  the  material;  on  unheated 
specimens  cracks  had  initiated  just  below  this  hard  surface  film.  For  speci- 
mens which  had  been  heated  a number  of  differences  were  observed;  the  work- 
affected  surface  layer  now  contained  a coarse  secondary  precipitate,  its 
hardness  was  reduced  to  a value  comparable  with  that  of  the  interior,  and  fatigue 
cracks  had  initiated  at  the  surface.  It  is  deduced  from  this  that  the  effect  of 
heat  was  to  modify  the  work-hardened  surface  layer  such  that  its  resistance  to 
fatigue  crack  initiation  was  lowered.  As  a consequence  the  development  of 
damage  nuclei  now  took  place  right  at  the  surface  of  the  material  and  was  more 
rapid  and  more  uniformly  distributed,  causing  reduction  in  fatigue  endurance. 

Returning  to  Figs. 8 and  9,  the  constant  reduction  in  endurance  at  temper- 
atures above  about  110°C  represents  the  complete  loss  of  the  beneficial  influence 
of  the  work -hardened  surface  on  crack  initiation.  For  both  notches  the  reduction 
in  mean  endurance  after  heating  at  100°C  is  considerably  less  than  the  limiting 
value  despite  the  inclusion  for  the  3.4  notch  of  exposures  in  excess  of  SOOOh. 
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This  suggests  that  the  mechanisci  by  which  heat  modifies  the  surface  layer  weakens 
considerably  as  temperature  is  reduced  from  110°C  and  that  the  limiting  reduction 
in  endurance  may  not  be  realized  by  heating  at  100°C  however  long  the  exposure. 

To  Bumnarise  this  section,  it  has  been  shown  that  exposure  to  heat  modified 
the  microstructure  of  the  machined  surface  of  a specimen,  and  thus  increased  its 
susceptibility  to  fatigue  crack  initiation.  At  temperatures  of  llO^C  and  greater 
the  benefit  of  the  machined  surface  was  rapidly  lost  during  heating  and  the 
fatigue  endurance  of  notched  specimens  was  reduced  to  a limiting  value  which  was 
independent  of  temperature.  Below  110  C the  action  of  heat  was  considerably 
weaker, 

A . 2 Effect  of  steady  load  during  heating 

We  will  now  consider  how  the  effect  of  heat  on  endurance  was  modified  by 

the  application  of  steady  load  during  the  heating  period,  2.3  notch  specimens 

were  heated  for  3h  at  150°C  with  various  applied  stresses  in  the  range 
2 2 

-18000  Ib/in  to  +42800  Ib/in  prior  to  fatigue  testing  to  failure.  Results  are 

given  in  Table  6 for  tests  without  heat  and  in  Table  7 for  tests  with  heat. 

Fig. 12  shows  graphically  how  the  endurance,  expressed  as  a percentage  of  nominal 

endurance,  varies  with  the  magnitude  of  the  stress  applied  during  heating  and 

Fig. 13  illustrates  the  corresponding  variation  in  the  number  of  damage  nuclei. 

It  is  seen  that  endurance  increased  continuously  as  the  stress  during  heating 

was  varied  through  the  range  from  compression  to  tension.  This  result  suggests 

that  load  during  the  heating  causes  a significant  redistribution  of  stress  across 

the  net  section  by  creep,  thus  changing  the  local  mean  stress  in  the  region  of 

the  notch  surface  during  the  subsequent  fatigue  loading.  From  studies  of  cumu- 
8 9 

lative  damage  ’ it  is  known  that  residual  stress  due  to  local  yielding  under 
the  applied  fatigue  loads  has  a significant  influence  on  the  initiation  and 
early  propagation  of  fatigue  cracks  and  it  has  been  suggested'^’''  that  the 
modification  of  residual  stress  by  creep  during  a heating  period  may  therefore 
give  a significant  interaction.  However,  the  modification  of  residual  stress  by 
creep  will  be  effective  only  if  it  remains  unaltered  by  the  subsequent  fatigue 
loading^.  Let  us  look  in  detail  at  what  happens  to  the  local  stresses  at  the 
notch  surfaces  under  typical  loadings. 

Fig. 14a,  b and  c shows  diagrammatically  the  variation  of  local  stress 
at  a stress  concentration  of  2.3  for  specimens  which  are  exposed  to  heat  at 
nominal  stresses  for  0,  +36  and  -18ksi  respectively  and  are  then  loaded  to  the 
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aominal  mean  stress  of  13ksi  followed  by  fatigue  cycling  at  18 ± 14ksi.  It  is 
assumed  that  the  material  behaves  perfectly  elastically  below  its  yield  stress 
and  perfectly  plastically  above  it|  that  the  stress-strain  characteristics  of 
the  material  are  initially  similar  in  tension  and  compression,  and  that  the 
period  of  creep  is  effective  in  fully  redistributing  stress  across  the  net 
section.  In  Fig. 14a  heat  is  applied  at  zero  load  at  A and,  after  cooling,  the 
specimen  is  loaded  to  a nominal  peak  fatigue  stress  of  32ksi  which  takes  the 
notch  stress  through  yield  to  B.  Subsequent  fatigue  loading  will  alternate 
between  B and  C with  a local  mean  stress  at  D.  In  Fig. 14b  the  specimen  is 
initially  loaded  to  a nominal  36ksi  which  takes  the  notch  stress  past  yield  to 
E and  is  then  heated  for  a period  during  which  creep  redistribution  reduces  the 
notch  stress  from  E to  F,  the  average  stress  on  the  net  section.  On  unloading, 
the  stress  reduce.s  to  G with  some  compressive  yielding  and  the  application  of 
a nominal  peak  fatigue  stress  of  32ksi  then  takes  the  stress  to  M vithout 
turther  yielding.  Subsequent  fatigue  loading  will  now  alternate  between  H and 
I with  a local  mean  stress  at  J.  In  Fig. 14c  the  specimen  is  loaded  to  a 
nominal  -I8ksi  taking  the  notch  stress  to  K.  During  heating  compressive  creep 
relaxes  the  stress  to  L and  on  unloading,  the  stress  rises  to  M.  Application  of 
a nominal  peak  fatigue  stress  of  32ksi  further  increases  Che  notch  stress  through 
tensile  yield  to  N.  Fatigue  loading  will  then  alternate  between  N and  0 with  a 
local  mean  stress  at  P.  It  is  clearly  seen  from  Fig. 14a  and  b that  the  local 
mean  stresses  under  fatigue  loading  are  significantly  different,  whereas  a com- 
parison of  Fig. 14a  and  c shows  chat  Che  local  mean  stresses  are  the  same. 

Taking  the  0.1%  proof  stress  of  the  material  given  in  Table  1 as  the  yield 
stress,  the  local  mean  stress  under  fatigue  loading  can  be  evaluated  for  each 
value  of  Citicp  stress  applied  in  the  tests  described  earlier. 


Nominal  stress  applied 
during  heating  period 
ksi 

Local  mean  stress  under 
fatigue  loading 
ksi 

-18 

22.8 

0 

22,8 

18 

18 

• 32 

-0.2 

42 

-13.6 

This  information  is  presented  graphically  in  Figil5:  local  mean  stress  has  been 
plotted  as  an  inverse  factor  on  the  assumption  that  endurance  varies  approxi- 
mately as  the  inverse  of  the  local  mean  stress.  It  is  seen  that  this  diagram 
resembles  the  shape  of  the  curve  in  Pig. 12,  the  achieved  results  of  creep  on 
endurance.  There  are  however  two  areas  of  disagreement : - 

(1)  At  the  lower  end  of  the  curve  when  creep  stress  is  in  the  range  -18kai  to 

+14ksi,  residual  stress  theory  predicts  no  effect  and  the  continuing  trend 

of  reducing  endurance  with  reducing  creep  stress  observed  in  Fig. 12  cannot 

be  explained.  This  trend  has  been  observed  generally  by  the  author  in 
3 . . 

similar  work  on  other  aluminium-copper  alloys. 

(2)  At  the  upper  end  of  the  endurance-creep  stress  curve,  the  rate  of  increase 
in  endurance  falls  off  at  about  30ksi  compared  to  a 43ksi  level  prediction 
by  residual  stress  theory.  This  is  probably  due  to  the  occurrence  of 
creep  damage  which  offsets  the  beneficial  effect  of  creep  redistribution. 

A further  insight  into  the  variation  of  endurance  with  creep  stress  can 
be  obtained  by  studying  the  number  of  damage  nuclei  on  the  fracture  surfaces. 

Fig. 13  shows  chat  at  creep  stresses  of  -IBksi  and  0 ksi,  the  number  of  damage 

nuclei  is  much  higher  chan  the  mean  number  for  cold  control  specimens.  It  has 

4 . . . 

been  shown  by  the  author  chat  an  increase  in  the  number  of  nuclei  implies  that 

nuclei  are  developing  with  increasing  rapidity  and  with  a corresponding  shorten- 
ing of  the  nucleation  phase  which  contributes  to  the  reduction  in  endurance.  The 
number  of  nuclei  for  a creep  stress  of  -I8ksi  suggests  that  the  notch  surface  is 
even  more  susceptible  to  cracking  than  when  the  work-hardened  layer  is  modified 
by  heat  at  0 ksi. 

It  is  seen  from  the  foregoing  discussion  that  redistribution  of  stress  by 
creep  interacts  significantly  with  fatigue  and  that  tensile  creep  can  give  large 
improvements  in  endurance  in  relation  to  specimens  subjected  to  heat  without 
load . 

4 , 3 Effect  of  prior  heating  with  zero  load  on  S~N  performance 

The  effects  of  prior  heating  on  the  S-N  performance  of  the  two  notched 
specimens  and  the  lug  specimen  were  established  by  heating  specimens  for  lOOOh 
at  150°C  without  applied  load  and  then  fatigue  testing  them  at  ambient  tempera- 
ture to  obtain  mean  S-N  curves  for  comparison  with  those  for  unheated  specimens. 
For  these  tests,  specimens  were  selected  from  many  different  bars  of  material  and 
specimens  from  each  bar  were  distributed  over  the  stress  range  investigated. 
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Individual  test  results  are  given  in  Tables  8,  9 and  11  to  14  together  with 

estimates  of  standard  deviation  for  each  test  condition.  Where  necessary 

1 2 

unbroken  specimens  were  accounted  for  b'/  Lariviere's  method 

Curves  of  mean  endurance  against  stress  are  given  in  Figs. 16  to  18  for 

the  three  specimens  tested  and  it  is  seen  that  heating  significantly  reduced 

endurance  at  all  fatigue  strass  levels  for  the  2.3  notch  and  the  3.4  notch,  but 

had  little  effect  on  the  endurance  of  lug  specimens.  The  general  reduction  in 

the  S-N  performance  of  notched  specimens  is  in  line  with  the  findings  of  section 

4.1  where  it  was  shown  that  exposure  to  heat  modified  the  microstructure  of  the 

machined  surface  of  a specimen  and  thus  increased  its  susceptibility  to  fatigue 

crack  initiation.  For  the  lug  specimen,  the  initiation  phase  of  the  life  is 
4 

comparatively  short  due  to  fretting  between  the  pin  and  the  bore  of  the  lug  and 
it  is  not  surprising  therefore  that  heating  had  little  effect  on  endurance. 

Further  evidence  that  the  reduction  in  life  is  associated  with  a reduced 

initiation  phase  is  apparent  when  the  S-N  performances  for  specimens  with  and 

without  prior  heating  are  compared  on  the  basis  of  S-N  curves  drawn  through  the 

lowest  endurance  observed  at  each  stress  level.  The  significance  of  a curve 

4 

through  the  lower  boundary  of  S-N  data  was  discussed  in  a previous  report  on 

the  performance  of  the  present  specimens  in  fatigue  tests  without  heating.  It 

was  shown  that  Che  endurance  of  the  notched  specimens  tended  to  have  an  extreme 

value  distribution  resulting  in  a fairly  definite  lower  limit  on  the  endurance 

at  each  stress  level.  Fig. 19  presents  lower  boundary  S-N  curves  for  the  2.3 

notch  showing  an  appreciable  effect  from  prior  heating  at  zero  load.  It  is 

emphasized  that  the  curve  for  unheated  specimens  passes  quite  smoothly  through 

points  representing  the  lowest  values  of  endurance  from  s^-mples  ranging  in 

size  from  2 to  67  tests  so  it  can  be  accepted  that  the  curve  represents  an 

effective  lower  limit  on  endurance  for  tests  without  heating.  The  curve  for 

tests  with  heating  at  zero  load,  for  which  the  maximum  sample  size  is  eight 

tests,  shows  a substantial  reduction  in  the  lower  limit  of  endurance  indicating  a 

reduction  in  the  crack  initiation  phase  of  the  life.  The  effect  of  heating  on 

the  lower  limit  for  the  3.4  notch  (see  Fig. 20)  is  smaller  than  for  the  2.3  notch, 

....  . 4 . 

probably  because  the  initiation  phase  is  shorter  . Fig. 21  presents  comparable 
curves  for  the  lug  specimen  and  it  is  seen  that  the  lower  limit  is  unaffected 
by  heating  because  the  initiation  phase  of  the  life  is  comparatively  short  due 
to  fretting. 


It  is  generally  accepted  that  scatter  is  associated  with  the  early  stages 
of  the  fatigue  life  leading  to  the  initiation  of  cracks  near  the  surface,  rather 

Chan  with  the  later  stages  of  the  life  during  which  the  crack  propagates  through 

I 3 

Che  cross  seccion  . As  heating  appears  to  reduce  the  initiation  phase  of  the 
life  of  specimens  ic  could  therefore  be  expected  that  there  would  be  a corres- 
ponding reduction  of  scatter  in  endurance.  Information  on  the  variation  of 
scatter  in  endurance  with  heating  is  presented  in  Figs. 22  and  23  for  the  three 
specimens  tested.  Fig. 22  is  a striking  demonstration  of  reduction  in  scatter 
for  the  2.3  notch,  but  surprisingly  no  significant  effect  is  observed  for  the 

3.4  notch  in  Fig. 23.  For  the  lug  specimen,  also  in  Fig. 23,  again  there  is  no 
significant  effect  but  this  would  be  expected  as  heating  has  no  effect  on  the 
mean  or  lower  limit  S-N  performance. 

4. 4 Effect  of  prior  heating  with  steady  load  on  S-N  performance 

In  section  4.2  it  was  shown  that  the  application  of  steady  load  during 
heating  caused  creep  redistribution  at  the  stress  concentration  and  modified 
the  endurance  in  relation  to  that  obtained  after  heating  without  load.  We  will 
now  consider  the  effect  of  applying  a tensile  stress  during  heating  on  the  S-N 
performance  of  the  2.3  notch. 

The  prior  heating  exposure  was  lOOOh  at  I50°C  with  an  applied  stress 

2 

equal  to  the  subsequent  fatigue  mean  stress  (18000  Ib/in  );  on  average  the 
overall  creep  strains  measured  were  0.014%.  The  results  of  these  tests  are 
given  in  Table  10  and  are  plotted  as  a mean  S-N  curve  in  Fig. 16  which  shows 
that  prior  creep  had  a beneficial  effect  on  endurance  by  comparison  with  the 
effect  of  prior  heat;  increase  in  life  ranged  from  a factor  of  1.25  at  high 

2 

alternating  stresses  to  a factor  of  15  at  a low  alternating  stress  (8000  Ib/in  ). 
Although  the  longer  lives  after  creep  were  a consequence  of  the  reduced  local 
mean  stress,  the  specimens  without  the  benefit  of  creep  redistribution  also 
experienced  a reduction  in  local  mean  stress  when  the  peak  stress  of  the 
fatigue  loading  caused  local  yielding.  Thus  with  increasing  alternating  stress 
the  benefit  of  creep  diminished  and  was  superseded  by  the  effect  of  yielding 
where  the  two  curves  converge. 

The  diminishing  benefit  from  creep  with  increasing  alternating  stress  is 
re-presented  in  Fig. 24  as  the  ratio  of  the  endurances  after  creep  and  after 
heat,  and  is  seen  to  have  an  approximately  linear  relationship  with  alternating 
stress.  Consideration  of  the  stress-strain  behaviour  at  the  root  of  the  notch, 
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as  already  demonstrated  in  Fig. 14,  shows  that  the  Local  mean  stress  in  the 
heated  specimens  reduces  linearly  with  increasing  alternating  stress.  It 
follows  that  the  linear  fall  off  in  creep  benefit  in  Fig. 24  would  be  expected 
if  there  was  an  approximately  inverse  linear  relationship  between  log  endurance 
and  mean  stress. 

Prior  creep  is  seen  to  affect  also  the  lower  limit  of  endurance  for  the 
2.3  notch  in  Fig. 19.  The  significant  increase  in  the  lower  limit  over  most  of 
the  stress  range  is  indicative  of  a lengthened  initiation  phase,  compatible 
with  the  increase  in  mean  life  already  discussed.  The  increase  in  scatter  from 
prior  creep  in  Fig. 22  is  also  as  expected. 

5 CONCLUSIONS 

Fatigue  teats  under  constant  amplitude  loading  were  conducted  on  simple 
structural  specimens  in  DTD  5014  (RR58)  aluminium  alloy  material,  and  the 
effect  of  applying  heat,  with  or  without  a steady  load,  prior  to  the  tests  was 
determined.  The  following  conclusions  were  drawn: 

(a)  Heating  caused  microstructural  changes  in  the  machined  surface  of  the 
material  which  increased  its  susceptibility  to  fatigue  crack  initiation. 
The  result  was  a significant  reduction  in  the  fatigue  endurance  of  notched 
specimens,  but  for  lug  specimens  the  reduction  was  comparatively  small 
because  the  influence  of  the  machined  surface  on  crack  initiation  was 
short  lived  under  the  action  of  fretting. 

(b)  Heating  at  temperatures  of  110°C  and  greater  reduced  the  fatigue  endur- 
ance rapidly  with  time  of  exposure,  to  a limiting  value  which  was  inde- 
pendent of  temperature.  Below  110°C  the  action  of  heat  was  considerably 
weaker . 

(c)  Steady  load  during  heating  caused  stress  redistribution  by  creep.  The 
resulting  change  in  local  stress  in  the  region  of  crack  initiation  was 
beneficial  or  detrimental  to  fatigue  performance  according  to  the  creep 
being  tensile  or  compressive. 


Table  1 


(a)  Chemical  composition 


Element 

T by  weight 

Cu 

2.33 

Mg 

1.64 

Si 

0.15 

Fe 

1.07 

Mn 

0.08 

Zn 

0.09 

Ni 

1.28 

Ti 

0.03 

A1 

Remainder 

Material  was  solution  treated  for  8 hours  at  S30''c 
and  artificially  aged  for  17  hours  at  200°C 


(b)  Static  tensile  properties 


Mean 
0,  IZ  PS 
Ib/in^ 


Estimated  stan- 
dard deviation 
of  O.IZ  PS 


Mean  Estimated  stan- 
UTS  dard  deviation 
lb/in2  of  UTS 


55350 


62B30 


- --  i--  • 'w  y.  T St*' 

Table  2 

FATIGUE  TESTS  WITHOUT  HEAT  - NOTCH  Kt  - 2.3 

2 

FATIGUE  STRESS  - 18000  ± lAOOO  Ib/in  - CONTROL  SPECIMENS  FOR  PRIOR  HEAT  TESTS 


Sptclaan 

No. 


Noalnol  Achiavcd 

•tiduranea  anduranc* 

10^  cyclai  10^  eyelaa 


Achlavad 

anduranca 

X noalnal 


Major  fatifua  crack 


Aiaa 


Minor  facigua  crack 


Nuafaar  of 

daaaga 

Area 

Muabor  of 

daaaga 

nuclei* 

X 

oat  aaction 

nuclai* 

Ic 

8 

2c 

Ic  * 2 

23 

3 

2c 

0 

0 

2c  * 1 

1 

Ic 

le 

17 

2e 

le 

II 

2e 

2c 

6 

2c 

le 

22 

2c 

2c 

1 

2c 

2c 

47 

2c  4 1 

Ic  ♦ 3 

22 

2 

2c 

25 

2c 

2c 

9 

2c 

Ic  ♦ 2 

4 

2c  4 3 

Ic  * 4 

2 

Ic  4 1 

2c 

8 

Ic 

2c 

14 

le  4 4 

2c 

0 

0 

2c 

14 

Ic 

2c 

3 

1 e 

2c 

2 

Ic 

1 c 

3 

1 c 

Ic  ♦ 1 

1 

le 

1 c 

1 

Ic 

Ic 

1 

Ic 

Ic  4^  1 

1 

2 

Ic  « 1 

3 

2 

Ic  4^  2 

24 

1 c 

n 

4 

17 

Ic  4 2 

2c  4 8 

12 

8 

each  eomar 

of 

the  hoi*  and 

chraa  elong 

cha  bore. 


TMip€r«tur« 
of  h«Atin| 
period 


Table  3 

FATIGUE  TESTS  vn:TH  PRIOR  HEAT  - NOTCH  Kt  ■ 2.3 
FATIGUE  STRESS  - 18QQQ  ± 14000  Lb/in^ 

Kejor  fAEigui  creek 


Dureclon 
of  betElng 
period 

h 


MoAinel  I Achieved 


eo  durance 
0*  cyel.i 

endureoce 
10^  cyctea 

eadure&ce 
I QCKlnal 

Area 

X naC  ae 

0.679 

0.743 

109 

46 

O.S77 

0.732 

130 

49 

0.666 

0 70S 

103 

59 

0.712 

0.6N 

93 

39 

0.639 

0.360 

SO 

48 

0,632 

0.6>9 

98 

41 

0.606 

0.470 

69 

49 

0.676 

O.H2 

33 

40 

0.627 

0.434 

69 

38 

0.693 

0.007 

117 

39 

0,613 

0.601 

98 

31 

0.673 

0.600 

89 

34 

0.669 

0.476 

71 

30 

0.663 

0,320 

78 

60 

0.646 

0.343 

84 

42 

0.309 

0.467 

79 

42 

0.626 

0.441 

70 

36 

0.692 

0.621 

90 

40 

0.636 

0.368 

86 

64 

0.623 

0.433 

73 

53 

0.363 

0,624 

no 

46 

0.644 

0,607 

94 

40 

0.664 

0.693 

103 

42 

0.661 

0.49: 

74 

■6 

0.630 

0.340 

86 

34 

0.691 

0.499 

72 

62 

0.697 

0.323 

75 

72 

0.767 

Q.433 

39 

59 

0.732 

0.619 

82 

30 

0.633 

0.750 

120 

43 

0.392 

0,277 

47 

30 

0.396 

0.474 

80 

36 

0.602 

0.350 

81 

40 

0,630 

0.347 

84 

33 

0.668 

0.572 

86 

35 

0.603 

0.300 

84 

23 

0.637 

0,469 

74 

54 

0.668 

0.613 

92 

64 

0.629 

0.373 

91 

31 

0.648 

0.517 

80 

47 

0.671 

0.629 

94 

36 

Minor  feclgue  creek 


le 

2c 

1c  ♦ 1 
Ic 
3c 
2c 

2e  ♦ 3 
Ic  « 13 
le  * 5 
2 

2c  « 4 
Ic 

Ic  * 3 
2r  « 4 
Ic  e 7 
le  « 3 
2e  « 4 
2c 


22 

le  ♦ 1 

33 

Ic  « 6 

19 

le 

7 

le  « 1 

30 

le 

27 

2c  4 4 

49 

Ic  . 5 

i6 

2e  « 6 

44 

2c  « 9 

30 

2e  e 6 

39 

2c  * 3 

12 

le  4 3 

43 

Ic  * 17 

M 

Ic  ♦ 3 

37 

le  ♦ 7 

9 

Ic  ♦ 5 

19 

le  ♦ 9 

14 

12 

27 

4 

33 

Ic  « 3 

35 

2c  ♦ 3 

14 

2c  ♦ 2 

0 

2c  » 4 

For  axaaiilei  2c  « 1 eeenc  chat  chore  were  five  nuclei , one  ei  each  corner  of  the  hole  end  three  along  Che  bore. 


IS 


Table  4 


If' 


FATIGUE  TESTS  WITHOUT  HEAT  - NOTCH  Kt  - 3.4 
FATIGUE  STRESS  - 1 800U  ± 8000  Ib/in^  - CONTROL  SPECIMENS  FOR  PRIOR  HEAT  TESTS 


Spaciaan 

No. 

Noalnal 

Achieved 

Achievad 

anduranca 

endurance 

anduranca 

10^  cpclaa 

10^  cyclea 

Z noBlnal 

Hajor  fatigu*  crack 


Ic  « 3 

le  4 4 
4 
6 

Ic  4 4 

2c  4 3 
2e  4 3 
2c  4 6 

2c  4 3 
Ic 

4 

Ic  4 3 
2 

Ic  4 2 

Ic  4 5 
2 

Ic  4 I 
Ic  4 2 
2c  4 2 
2e 
Ic 
2c 
I c 

2c  4 3 
Ic 
19 
I 

12 

2c  4 8 

2c  4 9 

Ic  4 9 
I c 4 4 

5 
10 

2c  4 7 
2c  4 6 
2c 

Ic  4 2 
3 

1 = 


Hlaor  tacigua  crack 


Araa 

dauga 

Z nat  aactloa  nuclai* 


Ic  4 10 
5 
2 

Ic  4 10 
Ic  4 3 
2c  4 6 
Ic  4 9 
2c  * 10 
Ic  4 5 
2c  4 2 
Ic  4 7 
Ic  4 3 
I 


Ic 

Ic  4 5 

1 

8 

Ic  4 2 
2c 
Ic 
Ic 

Ic  4 1 

2 
16 

Ic  4 3 


Ic  4 3 
I C 4 IS 
Ic  4 8 
9 

2c  4 5 

Ic  4 I 


* For  axaapla,  2c  * 3 aaana  that  thar*  wara  flva  nuclei,  one  at  each  comar  of  tha  hola  and  thraa  along 
the  bora. 


Table  5 

FATIGUE  TESTS  WITH  PRIOR  HEAT  - NOTCH  Kt  ■ 3.4 
FATIGUE  STRESS  - 18000  ± 8000  Ib/in^ 


ItaJ  or  fotiguo  crack 


Hloor  fctigvc  crack 


FATIGUE  TESTS  WITHOUT  HEAT  - NOTCH  Kt  - 
FATIGUE  STRESS  - 18U00  ± 14000  Ib/in^  - CONTROL  SPECIMENS 


Mh 

0 

« 

u 

V -rt 
60  W 

V 

3 

1 

z 

1 ^ 
"O  c 

0 M 

^ 60  0) 
oj  5 ^ 

ilg 

z 


cn 

o 

o u 

o 

u 

u 

o 

u 

+ 

+ 

U -f 

<N  <n  o 

<s 

u 

u 

u 

es 

CN  m cs 

— — n 


CN 

CN 

•4- 

O + 

o 

2c 

2c  + 

u u 

^ <S| 

U -f 

u 

U o -f 

u 

+ cn  — 
u 

-f 

U 

m o — m 

m in  vfi 


<r  rs.  vD  o o in 

^ in  m \o  sr 


msor^a>r%\Ow^fn  — oo<nosfnoco 
OOOOcnOOOOooOOOOncmOO 


•g  ^ ‘ 

0 *o 


m o>  *n 
o o 
m — — 

<s  m »n 


in  — in  o in  o\ 

OO-"--  — 

o o o o o 

in  in  CTi  ^ ^ ^ cT> 


For  exmaple,  2c  ■♦■  3 means  that  there  were  five  nuclei,  one  at  each  corner  of  the  hole  and  three  along 
the  bore. 


o « 


*• 

(N 

— 

' j 

^ cn  n 

CN 

— + 

+ 

+ 

+ 

+ o + u ♦ 

u 

u 

+ CN 

u u u 

<f 

cs 

CN 

p^  M 

u 

u 

u 

u 

o o o 

u 

o 

(J 

<s 

<N 

CN 

OI  ^ M 

— '^cNr**a'CMoo 
lo  lO  n sr  cn  ^ fN  cN  <s^cm 


ON-*r*^00«4’  — ^ 04 

'^  + ®+  >'f^+  + + CJUU^UCJ4>sD^  U 
**•“•  —•—•<*><  « CN 

UOUUUOU  UU 


^<N<rO<S<SiAsO-^^li-JO^O>0»Tjii-iOkAiO 

vo\ou^fcAvor^'^in\or>kLnin’x7Lr><>Y^r<*>rv.vo*^ 


<OOONOOIkOr^OvO-«CMOsrs.OsO*^r^O^-* 

•^*'4r40s0h^r^*^®a^0a'0<^r^>o*^oom'>3'0 

— ^ — — fs| 


^owioa\o>cor%>»’cgGOp^%t—  -^rv  esm 
2S2iOii}^^^^'^0'^'>omcr»coiDQOa'CT»aN 
mn<nfn^m<s»T\orvir>o^«^oo  — ooos-» 


^^£^0-^rH<N^o^o^fOCT^CNCT^f^^«*»^sO»no^ 

aooa000^9^^9^9^00^9^0^0^9'9^'•^c0o^so 

>0r>.Ln\D\^v^mu^\0r>i.Lnunv0s^i/^Lr>\0O'^i^ 


ooooooooooo 


o 

o 

: z : o 

CN 

<n 


o 

= = §; 
CM 


— o-o 

fN<Ni/^m<NCSmi/^C^CMmu^CN<Nu^mo><N<NkO 


example,  2c  + 3 means  Chat  there  were  five  nuclei,  one  at  each  comer  of  the  hole  and  three  along  the 
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Table  8 


FATIGUE  TESTS  WITHOUT  HEAT  - NOTCH  Kt  - 2.3 


Ay%T^g%  itraai 

on  nac  aroa 

lb/ In* 

Spaciman 

NO. 

Hajor  fatigua  crack 

Kln6r  faclgua  crack 

latlnatad 

atandard 
daviatlon 
of  logjQ  M 

(N) 

10^  cyclaa 

Araa  on  half 
tha  nat 
aaction  Z 

Nuiear  of 

Casaga 

nuclai* 

Araa  on  half 
tha  nat 
cacti  on.  Z 

Hiabar  of 

daaaga 

nuclai* 

18000  ± 16000 

16601 

0.398 

13 

Ic  a 2 

13 

Ic  a 2 

0.103 

II 

16603 

o.sei 

IS 

2c 

3 

2c 

tl 

16610 

0.300 

26 

1 

1 

2e  a 1 

II 

166  IS 

0.497 

23 

2c  ♦ 3 

16 

5 

II 

16619 

0.377 

29 

Ic  ♦ 2 

9 

2e 

II 

18201 

0.357 

17 

9 

13 

2c  a II 

II 

I82IS 

0.307 

68 

9 

2 

2c  a 14 

18000  1 ISOOO 

18216 

0.296 

32 

2c  a 12 

17 

Ic 

18000  1 14000 

11701 

0.701 

36 

2c  a 1 

17 

Ic 

0.083 

It 

1 1703 

0.332 

34 

2c 

1 

Ic 

II 

11710 

0.649 

40 

Ic  a 1 

1 

Ic 

II 

1 1713 

0.664 

37 

1 c 

16 

1 c 

II 

11719 

0.432 

31 

Ic 

1 

Ic  a 1 

II 

12301 

0.703 

35 

Ic 

8 

2c 

II 

12303 

0.728 

50 

Ic  a 2 

23 

3 

II 

12310 

0.600 

41 

2c 

0 

0 

II 

12313 

0.694 

63 

2c  a 1 

1 

Ic 

" 

i23l9 

0.734 

32 

Ic 

17 

2c 

II 

13701 

0.701 

43 

Ic 

11 

2c 

II 

13703 

0.676 

33 

2c 

6 

2c 

tl 

13710 

0.671 

42 

Ic 

22 

2c 

11 

1 J7|3 

0.349 

36 

2c 

1 

2c 

If 

13719 

0.683 

39 

2c 

47 

2c  a 1 

II 

14301 

0.720 

39 

Ic  a 3 

22 

2 

II 

14305 

0.817 

43 

2c 

23 

2c 

" 

14310 

0.809 

43 

2c 

9 

2c 

II 

14313 

0.427 

41 

Ic  a 2 

4 

2c  a 3 

If 

14319 

0.640 

42 

Ic  a 4 

2 

Ic  a 1 

If 

14601 

0.631 

37 

2c 

8 

Ic 

II 

. 14603 

0.303 

48 

2c 

14 

Ic  a 4 

II 

I-.609 

0.823 

38 

2c 

0 

0 

II 

14613 

0.731 

43 

2c 

14 

IC 

tl 

14619 

0.614 

32 

2c 

3 

Ic 

II 

I3I0I 

0.621 

74 

2c 

2 

1 c 

II 

13103 

0.619 

38 

Ic 

3 

Ic 

II 

13110 

0.491 

38 

Ic  a 1 

1 

Ic 

II 

131  13 

0.604 

42 

] c 

1 

Ic 

II 

131 19 

0.630 

44 

1 c 

1 

1 c 

II 

13401 

0.813 

32 

1 c 

3 

Ic 

II 

13403 

0.712 

36 

Zc 

8 

2c 

II 

13409 

0.680 

60 

Ic 

3 

2c 

* for  asaaflt,  2c  * 3 naani  that  thara  uaia  Mva  nuclai,  ona  at  aach  cornar  of  tha  hola  and  thraa  aloof 
tha  bora. 


Table  8 (continued) 


M«Jor  fatigut  crack 


Hlnor  fatlgua  crack 


Avaraga  aCraaa 

on  nat  area 

Ib/in^ 

SptelBan 

Mo. 

Snduraaea 

(H) 

10^  cyclaa 

Ar*4  on  htlf 
tha  nat 
aaction  1 

Nuabar  of 

daiuga 

nuclal* 

hraa  on  half 
tha  nat 
■action  Z 

Ruabar  of 
dMaga 

nuclal* 

18000  t 14000 

lilts 

0.758 

52 

Ic 

0 

0 

I) 

15419 

0.701 

41 

2c 

14 

2c 

II 

17101 

0.644 

61 

2e  * 1 

21 

Ic  a 1 

II 

17105 

0.524 

42 

2c  ♦ 1 

1 

Ic  a 1 

11 

171 10 

0.603 

43 

2c  « 2 

10 

1 c 

II 

17116 

0.424 

48 

3 

7 

2c 

It 

17119 

0.706 

65 

Ic  1 

1 

1 c a 2 

11 

17402 

0.865 

48 

Ic  ♦ 1 

0 

0 

«« 

17406 

0.406 

45 

Ic 

1 

Ic 

II 

17410 

0.891 

57 

Ic 

28 

1 c 

M 

I74IS 

0.804 

46 

2c 

2 

2c 

l« 

17419 

0.91B 

59 

2c  1 

9 

2c 

II 

17901 

0.604 

35 

2c  ♦ 1 

35 

Ic 

" 

17905 

0.625 

51 

Ic 

10 

2c 

II 

17910 

0.698 

49 

2c 

42 

2c 

|l 

17915 

0.400 

48 

2c  ♦ 1 

1 

2c 

17919 

0.567 

40 

2c 

12 

2c 

M 

18202 

0.859 

17 

1 c ♦ 1 

3 

Ic  a 1 

M 

18205 

0.900 

52 

2c  * 1 

35 

Ic  a 1 

II 

IB701 

0.536 

15 

Ic 

B 

3 

II 

18705 

0.SS6 

29 

3 

8 

1 c 

II 

18710 

0,539 

27 

Ic  . 1 

20 

1 

II 

18715 

0.570 

22 

Ic  a 1 

14 

3 

II 

187  19 

0.601 

26 

Ic  . 2 

1 

Ic 

II 

19001 

0.644 

57 

Ic  a 2 

1 

1 

" 

19005 

0.734 

56 

le  ♦ 1 

12 

leal 

• 1 

19010 

0.613 

60 

3 

13 

Ic  a 1 

II 

19015 

0.770 

40 

9 

c 

II 

19019 

0.552 

65 

Ic  a 4 

32 

2c  a 3 

'■ 

19201 

0.733 

20 

Ic  ♦ 1 

1 

2 

II 

19205 

0.594 

22 

1 c * 1 

3 

2 

II 

19210 

0.639 

26 

Ic  a 1 

24 

Ic 

" 

19215 

0.534 

23 

1 c ♦ 4 

17 

Ic  * 2 

" 

19219 

0.580 

22 

2c  a .8 

12 

a 

16000  t 13000 

18208 

0.722 

66 

Ic  a 3 

19 

2c  * 1 

18000  t 12000 

12313 

1 . 10 

56 

2c 

0 

0 

15106 

0.887 

47 

Ic 

12 

2c 

16206 

4.63 

60 

1 

0 

0 

" 

18203 

1.21 

19 

Ic 

8 

1 

II 

18218 

0.622 

36 

1 c 

5 

Ic  a 2 

" 

19002 

1.29 

48 

1 

0 

0 

leooo  1 1 1000 

10212 

0.974 

40 

Ic  > 2 

39 

Ic 

leooo  1 loooo 

12302 

1.45 

48 

Ic 

0 

0 

" 

15118 

0.941 

57 

Ic 

0 

0 

Eatiaatad 

■taadard 

daviatlon 


* for  axa^)lai  2c  ^ 3 aaaai  that  thara  wara  fiva  nuclal,  one  at  aach  cornar  of  tha  hole  and  thraa  along 
tha  bora. 


Av.rM«  itr..!  5 

on  Mt 

Ib/io* 


16000  t lOOOO 


Knduruc* 

(H) 

10^  cyclai 


I.SI 


Major  fati|ua  crack 

Minor  fatlfua  crack 

Araa  on  half 

Mtabar  of 

Araa  on  half 

Muabar  of 

tha  nat 

daau|a 

tha  nat 

daui* 

aaction  I 

nuclal* 

aaction  f 

nuclal* 

(•Claatad 
• tudwd 
4«rl«cioo 
of  lot,-  M 


Ic 

1 

Ic 

Ic 

IS 

Ic 

0.119** 


16000  t 8000 


35 

2< 

29 

li 

35 

li 

A3 

l( 

38 

1< 

1 

0.692I** 


* For  axc^lo,  2i:  '»  3 Hani  that  thara  vara  ILvt  nuclal,  ona  at  aach  coroar  of  cha  hola  and  thraa  alonf 
tha  bora, 

] 2 

**  Standard  davlatlon  adjuacad  by  Larlvlara'a  aathsd  for  unbrokan  apaclaana. 

US  • unbrokan. 


Table  8 (concluded) 


Avaraga  atraai 
on  oat  araa 

Ib/ln* 

Spaciaan 

Ho. 

18000  t 8000 

17106 

It 

I820A 

11 

18213 

16000  3 7000 

12318 

16202 

t< 

17902 

It 

17906 

II 

18210 

II 

19006 

18000  ± 6S0C 

17913 

18000  t 6000 

17102 

II 

17918 

Bndurknct 

(H) 

10^  cyclii 


2.08 
207  UB 
6.^.9 


M«jor  fatlgua  crack 


Minor  fatigua  crack 


Araa  on  half  I Nuabar  of  Araa  on  half  Miabar  of 


tha  nat 
aactlon  X 


daaaga 

nuclal* 


tha  nat 
faction  X 


dafaga 


Ef tiaatad 
a tandard 
daviation 


nnclii* 


* For  2c  ^ 3 m^AnM  that  chera  wara  five  nuclei^  ooe  at  e^ch  corner  of  Lha  hole  and  three  ali>ng 

the  bora. 


UB  ■ unbroken. 


24 


Table  9 


FATIGUE  TESTS  WITH  PRIOR  APPLICATION  OF  HEAT  - NOTCH  Kt  - 2.3 
lOOOh  AT  150°C  AT  ZERO  APPLIED  STRESS 


Enduranc* 

CN) 


Hajor  fatigua  crack 

Minor  fatigua  crack 

Eaclaatad 

Ar«a  on  half 

Nuflbar  of 

Araa  on  half 

Nuibar  of 

ataAdard 
daviation 
of  logjg  M 

tha  net 

daaaga 

tha  net 

damage 

aaction  X 

ouclai* 

aaction  X 

nuclai* 

IfiOOO  t 7000 

15812 

2.63 

67 

" 

15813 

2.98 

93 

16002 

20<>  UB 

— 

II 

16012 

3.52 

" 

16609 

3.95 

itb 

" 

166  1 7 

2.64 

51 

16000  t 6000 

15803 

209  UB 

- 

II 

15806 

2 1 I UB 

- 

If 

1601  1 

180 

59 

" 

16606 

2.96 

51 

If 

16607 

208  UB 

- 

" 

I66IS 

2.67 

55 

Ic 

0.121 

I c ♦ I 

2 

1 c ♦ 1 

2 

2c  ♦ 1 

1 

1 

0.077«» 

0 

0 

Ic 

* For  oxanplOt  2c  4 3 naani  chat  rhara  uara  £iva  nuclaL,  ona  at  aach  cornar  of  the  hola  and 
tha  bora, 

1 2 

a*  Standard  daviation  adjuatad  by  Larlvlaia'a  nathod  for  unbrokan  apacfmana, 

UB  ■ unbrokan. 


thraa  alon| 
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Table  10 


FATIGUE  TESTS  WITH  PRIOR  APPLICATION  OF  HEAT  - NOTCH  Kt 
lOOOh  AT  150°C  WITH  18000  Ib/in^  APPLIED  STRESS 


Average  atraaa 

SpecloMn 

No. 

Endurance 

Major  fatigue  crack 

OQ  n«t  «r«a 

(N) 

Araa  on  half 

Nmbar  of 

Ib/ln* 

10^  cyclaa 

the  net 
aectlon  X 

dAiaagt 

nuclei* 

18000  t UOOO 

17505 

0.369 

71 

Ic  4 

M 

1751  1 

0.573 

57 

2 

II 

18702 

0.540 

SO 

1 

II 

17513 

0.542 

58 

Ic  ♦ 5 

• I 

18707 

0.485 

47 

Ic  ♦ 6 

II 

19602 

0.652 

46 

Ic  ♦ 3 

II 

19607 

0.386 

49 

Ic  . 8 

II 

19610 

0.784 

45 

2c  . 1 

IBUOO  i 12000 

17507 

3.70 

43 

Ic 

1 1 

17512 

2.08 

50 

1 c ♦ 1 

M 

17516 

1.50 

47 

1 

II 

19601 

1.24 

41 

1 c 

II 

19606 

0.979 

55 

4 

II 

19609 

2.61 

38 

] c 

Minor  fntlgua  crack 


Araa  on  hall 
tha  nit 
•action  X 


* Fnr  example,  2c  « 3 tuana  that  than  were  five  nuclei,  one  at  each  cornet  of  the  hole  and  three  along 
the  hure. 


UB  • unbroken. 
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Table  11 


FATIGUE  TESTS  WITHOUT  HEAT  - NOTCH  Kt  - 3.4 


Avarai*  ((rtii 

on  net  art* 

Ib/ln^ 

Spaeiatn 

No. 

Enduranca 

Major  fatigua  crack 

Minor  faclgua  crack 

Eaciaatad 
ataadard 
deviation 
of  logjg  N 

(N) 

10^  c/clea 

Area  on  half 
tht  nac 
aectian  2 

Nuabar  of 

damage 

nuclei* 

Araa  on  half 
tht  net 
■action  2 

Niaibar  of 

dauga 

nuclei* 

18000  t 10000 

17302 

0.492 

52 

Ic  ♦ 15 

42 

Ic  « 9 

0.0533 

II 

17310 

0.431 

62 

2c  ♦ 30 

49 

2c  ♦ 27 

II 

17315 

0.515 

49 

Ic  * 12 

17 

It 

18302 

0.378 

43 

le  ♦ 15 

38 

Ic  * 12 

II 

19118 

0.430 

65 

Ic  ♦ 12 

54 

Ic  « 1 1 

18000  1 9000 

I 1901 

0.537 

57 

Ic  « 8 

47 

8 

0.0675 

II 

11905 

0.481 

40 

Ic  ♦ 6 

16 

Ic  ♦ 9 

II 

1 1910 

0.583 

48 

2e  « 6 

34 

Ic  * 4 

*t 

1 1915 

0.571 

58 

le  ♦ 7 

44 

Ic  « 9 

tl 

1 1919 

0.484 

50 

11 

27 

8 

II 

12203 

0.662 

50 

5 

37 

5 

II 

12207 

0.621 

41 

4 

18 

5 

II 

12801 

0.619 

58 

8 

34 

2c  * 8 

II 

1 2805 

0.501 

52 

Ic  ♦ 11 

38 

2c  8 

II 

12810 

0.535 

50 

Ic  * 12 

45 

2c  * 13 

II 

12815 

0.483 

46 

2c  ♦ 11 

37 

Ic  * 14 

II 

12819 

0.492 

41 

2c  + 13 

35 

2c  * 1 1 

II 

I<i20l 

0.628 

59 

Ic  * 10 

38 

Ic  ♦ 6 

II 

K205 

0.'J4 

41 

2c  * 13 

40 

6 

M 

1 

0.464 

41 

16 

17 

9 

II 

142.5 

0.563 

52 

12 

29 

Ic  ♦ 7 

II 

14219 

0.614 

48 

5 

33 

Ic  ♦ 3 

I* 

17301 

0.866 

40 

ic  ♦ 7 

35 

Ic  » 7 

18000  t 8000 

10201 

0.945 

63 

Ic  ♦ 5 

5 

1 c » 10 

0.0898 

It 

10205 

0.782 

52 

1 c ♦ 4 

37 

5 

II 

10210 

0.735 

55 

4 

31 

2 

" 

102  1 5 

1.12 

59 

b 

25 

U ♦ 10 

II 

10219 

0.987 

6 1 

Ic  ♦ 4 

25 

Ic  ♦ 3 

tl 

10801 

1.18 

<.5 

Ic  * 7 

8 

y 

" 

1080^ 

1 . n 

37 

Ic  » 3 

36 

3 

II 

10810 

1 . 10 

33 

Ic  ♦ 3 

30 

Ic  ♦ 1 

II 

10815 

1.44 

40 

Ic 

1 1 

9 

II 

10819 

1.24 

44 

Ic  ♦ 2 

24 

1 c ♦ 3 

II 

11301 

1 .22 

54 

2c  ♦ 3 

38 

2c  « 6 

II 

1 1305 

1.27 

71 

2c  ♦ 3 

24 

Ir.  ♦ 9 

II 

11310 

1.36 

48 

2c  * 6 

39 

2c  * 10 

If 

11315 

1.34 

70 

2c  ♦ 3 

2 

1 c ♦ 5 

II 

1 1319 

1.03 

43 

Ic 

37 

2c  ♦ 2 

II 

12204 

1.45 

41 

I c ♦ 1 

29 

1 c ♦ 4 

" 

12219 

1.11 

44 

1 

29 

Ic  V ] 

" 

1 J30I 

1.  18 

b2 

4 

41 

II  ♦ 7 

" 

13305 

1.35 

4b 

Ic  ♦ 3 

5 

Ic  •*  3 

II 

13310 

1,46 

39 

2 

9 

1 

II 

13315 

1.19 

40 

Ic  ♦ 2 

30 

2c  « <• 

* For  exaaple,  2c  ^ 3 taami  that  there  were  five  nuclei,  one  ec  each  corner  ot  the  hole  and  thraa  along 
the  bore. 


Table  II  (continued) 


Avaras*  itraii  Endurinca 

™ ..  ..  8p»ci»«n 


on  B«C  aij* 


lUJ  or  fatigua  crack 


Hinor  facl|ua  crack 


Araa  on  half  I Humbar  of  Araa  on  half  Nuabar  of 


10''  cyclai 


tha  nat 
aaction  t 


daaata 

nuclal* 


the  nat 
•action  X 


daMga 

nuc  lal* 


latlaatad 

f tandard 
davlatlon 
l“«m  “ 


laooo  t Booo 


* For  axaaple,  2c  * 3 naanf  chat  thara 
tha  bora. 


wara  fiva  nuclei,  one  at  aach  cornak  of  tha  hole  and  thraa  along 


“kiH  r 


T ab le  11  (concluded) 


29 


on  n*c  araa 
Ib/in^ 


18000  t 3000 


Major  fatigua  crack 


18000  t 4000 


18000  « 3300 


18000  i 3000 


Minor  fatlgua  crack 


228  UB 
9.95 
8.73 
168 
235  UB 
206  UB 


210  UB 


200  UB 


Nuabar  of 

Area  on  half 

daaaga 

the  net 

nuclai* 

aaction  Z 

50 

Ic 

59 

1 c 

46 

Ic 

* Fot  aaampLe,  2c  « 3 aeana  that  thara  wara  flva  nucla. , ona  at  aach  comar  of  Cha  hole  and  three  along 
the  bore, 

aa  Standard  deviation  adjuatad  by  Larlviera'a  oathod'^  for  uobrokan  apaclBana. 

UB  • unbroken. 


30 


Table  12 


FATIGUE  TESTS  WITH  PRIOR  APPLICATION  OF  HEAT  - NOTCH  Kt 
lOOOh  AT  150°C  AT  ZERO  APPUED  STRESS 


Av«rag«  itrcii 

on  n«c 

Ib/in^ 


18000  1 10000 


Sptciaen 

No. 


Endurasoe 

(N) 

10^  cyclti 


Major  fatla 

crack 

Minor  fatlgua  crack 

Araa  on  half 

Niaibar  of 

Araa  on  half 

Mioibar  of 

tha  nat 

daaaga 

cha  nat 

daaaga 

aaction  X 

nuclai* 

aaction  X 

nuclai* 

Iiclaacad 
• CMdard 
davlatloo 
of  lojjjj  N 


18000  1 6000 


T«bl«  12  ( concluded) 


31 


Average  atreaa 

on  net  area 

Ib/ln^ 

Induranea 

(N) 

10^  ejclea 

Major  fatigue  crack 

Minor  fatigue  crack 

Batiaated 
Btandard 
deviation 
of  log,g  N 

No. 

Area  on  half 
tha  net 
aactlon  X 

Area  on  half 
tha  net 
aaction  X 

Nuahar  of 

daaage 

nuclei* 

18000  i SOOO 

17808 

26.3 

54 

Ic 

1 

3 

M 

17812 

3.62 

44 

le 

0 

0 

11 

17813 

46.6 

56 

Ic 

21 

1 

(1 

17817 

4. 54 

52 

le 

23 

Ic  * 2 

11 

18603 

3.12 

60 

Ic  * 1 

13 

2c 

11 

I86II 

4.90 

55 

Ic 

52 

le 

18000  t 4000 

16407 

104 

54 

Ic  * 3 

40 

Ic 

0.464 

H 

1641 1 

7.83 

52 

te 

40 

Ic 

11 

16416 

11.2 

72 

Ic 

15 

1 c 

II 

16807 

4J.1 

52 

le 

8 

5 

11 

54 

ic 

1 

1 

It 

WBM 

59 

1 c 

31 

1 e 

* For  axaavli,  2c  ♦ 3 Biana  that  thara  ware  flva  nuclei,  one  at  aach  corner  of  the  bole  and  three  along 
tha  bore. 
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15000  i 5000 


Table  13 

FATIGUE  TESTS  WITHOUT  HEAT  - LUC  SPECIMEN 


Av«r«|t  ftr«ti 

on  n«c 

Spaeloten 

No. 

Ib/ln* 

15000  1 6150 

50501 

f1 

50505 

tt 

50510 

»t 

50515 

M 

50519 

t1 

52001 

t1 

52005 

II 

52010 

II 

52015 

II 

52019 

II 

53101 

II 

53105 

II 

53110 

n 

53115 

II 

53119 

II 

53803 

II 

53815 

11 

58A0I 

II 

58405 

II 

58410 

M 

58415 

II 

58419 

15000  t 5110 

53804 

II 

53817 

Enduranca 

<N) 

10*  cyclaa 


Major  faclgua  crack 


Araa  oo  half 
tha  net 
aaccion  Z 


Minor  fatigua  crack 


Araa  on  half 
tha  nat 
aacClon  X 


- 

15000  t 4090 

53805 

2.88 

78 

11 

53818 

9.54 

80 

15000  1 4000 

2.37 

80 

II 

1,71 

78 

II 

53107 

1.92 

75 

II 

53113 

1.72 

82 

53801 

9,06 

84 

15000  1 3000 

50405 

4,86 

79 

" 

50409 

4.52 

78 

If 

50412 

3.86 

79 

II 

50507 

3.45 

76 

II 

51513 

5.10 

81 

Eftlaacad 
ataadard 
daviacion 
of  loijg  V 


* Eor  azaapla,  2e 
bora. 


* I naana  that  thara  vara  thraa  oielal,  ona  at  aach  comar  of  tha  ho  la  and  ona  along  tha 


> 
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Table  13  (concluded) 


Av«r4|e  fCrsit 

on  MC  4TCt 

Ib/in^ 

Spaciawn 

No. 

Bnducanea 

(N) 

10^  cyclaa 

Major  faclgua  crack 

Minor  fatigue  crack 

Cacimacad 
ataadard 
deviation 
of  logjQ  H 

Araa  on  half 
tha  nat 
taction  2 

Muabar  of 
damage 
nuclei* 

Area  on  half 
cha  nat 
taction  X 

Nuaber  of 

damage 

nuclei* 

15000  t 2045 

50518 

20.0 

82 

1 

58 

Ic 

0.157 

M 

51502 

21.6 

81 

Ic 

32 

Ic  ♦ 1 

M 

SISOS 

23.3 

83 

4 

44 

Ic  ♦ 3 

M 

51510 

19.4 

79 

4 

53 

4 

51515 

18.7 

85 

2 

5 

Ic 

II 

SISI8 

20.2 

85 

2 

25 

5 

II 

52901 

16.3 

83 

1 c * 1 

38 

le  ♦ 1 

II 

52905 

14.8 

82 

Ic  * 

36 

1 

11 

52910 

11.1 

79 

I 

17 

Ic  ♦ 3 

II 

52915 

24.6 

86 

Ic  ♦ 1 

49 

le  ♦ 1 

tl 
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81 

1 

33 
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76 
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25 
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76 
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35 

Ic 

II 
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81 

1 

48 

1 

M 
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16 
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83 

1 

1 

3 

II 
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80 
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67 

7 

55615 
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60 

Ic  ♦ 2 

40 

3 

•' 
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82 

Ic  ♦ 1 

45 

6 
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1 
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65 

2 

II 
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1 

40 

1 

“ 
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Table  14 


FATIGUE  TESTS  WITH  PRIOR  APPLICATION  OF  HEAT  - LUG  SPECIMEN 
lOOOh  AT  150°C  AT  ZERO  APPLIED  STRESS 


Avaraga  atraae 
on  nac  araa 

Spaclaan 

No. 

Endurance 

Kajor  fatlgua  crack 

Minor  fatlgua  crack 

Eatlaatad 
atandtrd 
deviation 
of  log,p  N 

(N) 

10^  cycled 

Area  on  half 
tha  nat 
aactlon  X 

Nuabar  of 

daaaga 

nuclei.* 
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tha  nat 
eactlon  Z 

Nuabar  of 

dasaga 

nuclal* 
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2 
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5 
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78 

7 
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65 

1 
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II 
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36 
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68 
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64 

2 

M 
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64 
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42 
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II 
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81 

4 
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78 

1 
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3 

II 
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84 

Ic  2 2 

24 

Ic 

" 
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0 
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5 
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78 
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1 

15000  t 2000 

50419 

7.85 

82 

1 

6 
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19.0 

84 
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10 
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II 
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82 
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0 
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0 
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0 
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0 

* Tor  axiapla,  2c  * I laaani  chat  there  vara  thraa  nuclal,  ona  at  aach  cornar  of  tha  hola  and  ooa  along 
tha  bora. 
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Fig.9  Effect  on  endurance  of  temperature  of  prior  heating 


Fig.  t 


Specimen;  3*4  notch 
Fatigue:  18000  i BOOO  Ib/in 


Notch  Kt  »2-3 

Fallguo  stress  - 18000  iU  OOOtb/in^ 
Nominal  endurance  s 7 x 10^  cycles 


Fig.  12  Effect  of  creep  stress  on  fatigue  endurance 
-heating  3h  at  150*C  prior  to  fatigue 


Local  stress 


Heated  at  zero  load  (point  A) 


Heated  in  tension  (E  ♦F ) 


Heated  in  compression  (K L ) 


Local  strain 


Fig.14a-c  Variation  of  local  stress  at  the  notch  dge  to  heating 
(a)  At  zero  loadjb)  in  tension,  and  (c)  in  compression, 
followed  by  the  application  of  fatigue  mean  stress 

and  alternating  stress 
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Fig.  15  Variation  of  local  mean  stress  at  notch  with 

applied  creep  stress 


I 


No  heat 


Endurance  (cycles) 

>n  fatigue  endurance  of  2 3 notch  specimens 


Endurance  (cycles) 

Fig. 17  Effect  of  prior  heat  on  endurance  of  34  notch  specimens 
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Specimen  : 3-  4 notch 
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